The classification method of the free fermionic heterotic string vacua is extended to models where the SO(10) GUT symmetry is broken directly at the string scale to the Left-Right Symmetric subgroup. Our method involves using a fixed set of basis vectors which are defined by the boundary conditions assigned to the free fermions before enumerating the string vacua by varying the Generalised GSO (GGSO) projection coefficients. It allows the derivation of algebraic expressions for the GGSO projections for each sector that generates massless states in the models. This enables a computerised analysis of the entire massless spectrum of a given choice of GGSO projection coefficients. The total number of vacua in the class of models chosen is 2 66 ≈ 7.38 × 10 19 . A statistical sampling is performed and a sample size of 10 11 vacua with the Left-Right Symmetric gauge group is extracted. We present the results of the classification, noting that contrary to the previous classification of Pati-Salam models, no three generation exophobic models were found. The results obtained demonstrate the existence of three generation models with the necessary Higgs representations needed for viable spontaneous symmetry breaking, and with a leading top quark Yukawa
Introduction
The Standard Model of particle physics provides viable perturbative parameterisation of all subatomic observable data. The perturbative logarithmic evolution of the Standard Model parameters hints that the Standard Model may persist in providing viable parameterisation up to the Planck scale, where the gravitational interaction becomes of comparable strength. Further elucidation of the Standard Model parameters therefore necessitates the synthesis of the Standard Model with gravity. Contemporary string theories provide consistent perturbative frameworks to study this synthesis. They are chiral and free of gauge and gravitational anomalies. String theories are the only contemporary theories that achieve this feat, and therefore provide a superior framework to study the synthesis of the Standard Model with gravity. Furthermore, the Standard Model matter charges strongly hint at the realisation of SO(10) Grand Unified Theory (GUT) multiplet structure in nature. By accommodating spinorial SO(10) 16 representations in its perturbative spectrum, the heterotic E 8 × E 8 string incorporates the SO(10)-GUT picture [1] . A key prediction of the SO(10)-GUT theory is that the Weinberg angle at the unification scale is given by sin 2 θ W (M GUT ) = 3/8, which is compatible with the low energy data. The string consistency conditions introduce additional degrees of freedom beyond those of the Standard Model. These may be interpreted as a number of extra spacetime bosonic coordidates, or as a finite number of free, or interacting, fields propogating on the string worldsheet. String vacua are obtained by specifying these extra degrees of freedom, subject to the string consistency conditions. A priori the number of possibilities is vast and there is no clear guiding principle to select among them. The best we can accomplish at present is to extract features of classes of compactifications and to develop the methodolgy to discern between different classes [2] . The Z 2 ×Z 2 toroidal orbifolds represent one such class of models that has been studied in detail [3] . This class of compactifications gives rise to an abundance of viable three generation models with different unbroken subgroups of SO (10) , and the canonical SO(10)-GUT prediction sin 2 θ W (M String ) = 3/8. Among the distinct features of the class of Z 2 × Z 2 orbifolds we note the spinor-vector duality [4, 5] , that generalises to other classes of string vacua [6] ; the existence of exophobic vacua [7] ; and the possibility to fix all geometric moduli by asymmetric assignment of worldsheet boundary conditions [8] . The Z 2 × Z 2 torodial orbifolds have been studied primarily by using the free fermionic formulation of the heterotic-string in four dimensions [9] . These models correspond to toroidal Z 2 × Z 2 orbifold compactifications at special points in the moduli space with discrete Wilson lines [3] . Since the twisted matter spectrum in the Z 2 × Z 2 orbifolds is independent of the moduli, analysing these models at the free fermionic point captures the phenomenological properties of the physical spectrum. Deformations away from the free fermionic point are obtained by adding worldsheet Thirring interactions [10] . The fermionic formulation facilitates the analysis of the spectrum and interactions, but the physical properties of this class of string vacua are rooted in the Z 2 × Z 2 orbifold structure.
Three generation free fermionic models have been constructed since the late eighties. The early viable constructions provided isolated examples with SU(5) × U(1) (FSU5) [11] , SO(6)×SO(4) (PS) [12] , SU(3)×SU(2)×U (1) 2 (SLM) [13] and SU(3)× U(1) × SU (2) 2 (LRS) [14] , unbroken subgroups of SO (10) . All with the canonical SO(10) embedding of the weak hypercharge, yielding the GUT prediction for the Weinberg angle sin 2 θ W = 3/8 at M String . The case of the SU(4) × SU(2) L × U(1) R (SU421) SO(10) subgroup was shown not to produce viable models [15, 16] . Over the past two decades systematic methods to classify large spaces of free fermionic models were developed, [17, 18, 4, 7, 19, 20, 21] , culminating in the classification of Standard-like Models [22] . The initial application was for type II superstring vacua [17] , and was extended to the classification of heterotic-string vacua with unbroken SO(10) symmetry in refs. [18, 4] . This led to the discovery of spinor-vector duaility in the space Z 2 × Z 2 orbifolds with (2, 0) worldsheet supersymmetry [4, 5] . The classification method provides an effective trawling algorithm to construct string models with specific phenomenological properties. Examples include: the construction of exophobic heterotic-string vacua [7] ; the construction of heterotic-string vacua with SU(6) × SU(2) GUT group [19] ; the construction of string vacuum that allows a family universal extra vector boson with E 6 embedding to remain unbroken down to low scales [23] .
In this paper we extend the classification methodology to the class of free fermionic heterotic-string vacua in which the SO(10) gauge group is broken to the left-right symmetric SU(3) × U(1) B−L × SU(2) L × SU(2) R extension of the Standard Model gauge group. From a phenomenological low energy point of view, this extension of the Standard Model is highly motivated [24] and dates back to the mid-70s, when the gauge and matter structure of the Standard Model crystallised. The left-right symmetry naturally explains the generation of parity violation in nature, via the spontaneous symmetry breaking of SU(2) R . It represents a rather minimal extension of the Standard Model, that avoids the tight constraints imposed from proton lifetime limits on the scale of other extensions. Thus, the spacetime vector bosons of the enhanced symmetry may exist below, say, 100TeV and appear in future experiments. From the point of view of the string model building this class of models introduces novel characteristics that were highlighted in ref. [14] . The basic contrast from the FSU5, PS and SLM models is that the LRS models of ref. [14] do not possess the E 6 embedding of the Standard Model states. This results in left-right symmetric models that do not have an anomalous U(1) symmetry, which appears in the others cases. In that respect the LRS models of ref. [14] possess a similar structure to the SU421 models of ref. [15, 16] that were shown not to admit viable three generation models. These properties of the LRS free fermionic models may be traced to the absence of an x-map [25] in the LRS models of ref. [14] . By contrast the LRS models that we construct herein do possess an x-map, which represents a vital step in the classification methodology. In that respect the models that we analyse in this paper are distinct from those of ref. [14] .
Our paper is organised as follows: in section 2 a brief introduction to the construction of free fermionic models is given. The set of basis vectors used to generate SO(10) models are presented, before outlining the construction of the LRS models in the ensuing discussion. Section 3 presents details of the string spectrum, such as the untwisted gauge symmetry of the LRS models and enumeration of the sectors that can enhance it. Section 4 provides a complete description of the twisted matter spectrum. This includes the observable, exotic and hidden matter sectors. Section 5 details the results of the classification and contains analysis of the data while providing comparisons to earlier classifications [7, 20, 22] . In section 5.3 we give the GGSO projection coefficients of a phenomenologically viable LRS heterotic-string model. In our examplery model all enhancing vector bosons are projected out. It contains three chiral generations, no chiral exotics as well as heavy and light Higgs multiplets, required for viable spontaneous symmetry breaking and fermion masses. Section 6 concludes the paper.
Left Right Symmetric Free Fermionic Models
This paper concerns the extension of the free fermionic classification method, utilised in [18, 4, 7, 20, 22] , to vacua which possess the Left-Right Symmetric (LRS) subgroup of SO (10) . The free fermionic models correspond to Z 2 × Z 2 orbifold compactifications with N = (2, 0) superconformal worldsheet supersymmetry and discrete Wilson lines. The formulation of the free fermions occurs at an extented symmetry point in the moduli space where the compactified directions are interpreted as two dimensional fermionic degrees of freedom which propagate on the string worldsheet.
The free fermionic formulation provides a set of rules which enables extraction of the physical states in a string model and provides a straightforward approach to studying the phenomenological properties of the string vacua. The models are constructed by defining a set of basis vectors and the Generalised Gliozzi-ScherkOlive (GGSO) projection coefficients of the one-loop partition function. The details are outlined in the following section.
The breaking of the SO(10) GUT symmetry occurs directly at the string scale. All the models which are classified possess N = 1 spacetime supersymmetry and preserve the SO(10) embedding of the weak hypercharge. The unbroken subgroup of SO (10) in the low energy effective field theory considered here is SU(3) C × U(1) C × SU(2) L ×SU(2) R . The matter states which give rise to the Standard Model fermionic representations are found in the spinorial 16 representation of SO(10) decomposed under the unbroken SO(10) subgroup. Similarly, the SM light Higgs states occur from the vectorial 10 representation of SO(10).
The Free Fermionic Formulation
The notable features of the free fermionic formulation used in model building and classification will be briefly outlined. A more detailed discussion of these features can be found in reference [9] .
The free fermionic formulation of string theory is directly formulated in four spacetime dimensions, whereby the extra degrees of freedom found in string theories are interpreted as free fermions propagating on the two dimensional string worldsheet. The approach considered here utilises the four dimensional heterotic string in the light cone gauge, meaning there are 20 left moving and 44 right moving free fermions introduced to account for all the extra degrees of freedom. In the standard notation the left movers are represented by ψ When these fermions are parallel transported around the two noncontractible loops of the one-loop partition function, they obtain a non-trivial phase * . These phases can be either periodic, anti-periodic or complex, denoted by 0,1 and ± 1 2 respectively. The boundary conditions of the fermions are specified in 64-dimensional vectors called 'basis vectors' which are given in the form
where the boundary condition α is defined as the transformation property for a fermion f . Accordingly,
Each model is specified by a set of basis vectors v 1 , . . . , v N , which must satisfy modular invariance constraints. The basis vectors of the model span a space Ξ, which consists of 2 N +1 sectors. Each sector is formed as a linear combination of the basis vectors and is given by
where N j · v j = 0 mod 2. The string states in each sector, denoted by |S ξ , must also conform to modular invariance constraints. This is imposed on the string states in the form of the one-loop GGSO projections via the equation,
where F ξ is the fermion number operator, δ ξ = ±1 is the space-time spin statistics index and C
is the GGSO projection coefficient. By varying the choice of the GGSO coefficients, distinct vacua of the string model are obtained.
Summarising, a model is constructed by using a set of basis vectors v i and by a set of distinct GGSO projection coefficients C 
SO(10) Models
In order to build the Left-Right Symmetric models that are studied in this paper, a set of thirteen basis vectors are used. The first twelve basis vectors considered generate SO(10) models and are common in the previous publications [7, 20, 22, 16] . These basis vectors are also included in the basis of the LRS models discussed here and are defined as: 
where i = 1, . . . , 6 and the fermions which appear in the basis vectors have periodic (Ramond) boundary conditions, whereas those not included have antiperiodic (Neveu-Schwarz) boundary conditions. The basis vector 1 is required by the rules set out in the papers listed in reference [9] and generates a model with an SO(44) gauge group from the Neveu-Schwarz (NS) sector. Addition of the S basis vector generates N = 4 space-time supersymmetry and leaves the gauge group intact. The e i vectors break the gauge group to SO(32) × U (1) 6 but preserve the N = 4 supersymmetry. These vectors correspond to all the possible internal symmetric shifts of the six internal bosonic coordinates. Addition of the vectors b 1 and b 2 corresponds to Z 2 × Z 2 orbifold twists and breaks the spacetime supersymmetry firstly to N = 2 and subsequently to N = 1. They also break the U (1) 6 gauge symmetry, therefore reducing the rank of the gauge group, while simultaneously decomposing the SO(32) to SO(10) × U (1) 3 × SO (16) . Addition of the basis vectors z 1 and z 2 then break the hidden SO(16) gauge group, generated by the fermions φ 1,...,8 , to SO(8) × SO (8) . The untwisted vector bosons present due to this choice of basis vectors generate the gauge group SO(10) × U(1) 3 × SO (8) 2 in the adjoint representation.
Left-Right Symmetric Models
Previous constructions of free fermionic LRS models used two or more basis vectors to break the observable gauge group. Firstly, one basis vector with either the assignment ψ 1,2,3 = 1 (as in [14] ), or equivalently ψ 4,5 = 1 (as in [7] ), is used to obtain the SO(6)×SO ( breaks the Pati-Salam gauge group to the LRS. However, the model under consideration here uses only one additional basis vector, given by
where the restriction that the phase on the complex right-moving fermions is positive is made, i.e ψ 1,2,3 = + is made due to the contraint that b j · α = 0 mod 1, where j = 1, 2, 3, must be true in order to satisfy modular invariance.
It should be noted that while the assignments on the fermions ψ 1,2,3 , η 1,2,3 must be as above, this choice of α is not unique due to possible variations of assignments for the fermions φ 1,...,8 . However, in this paper only models with the α defined above are considered. With this choice of basis vectors, we note two sectors which are combinations of the basis vectors and facilitate the classification and presentation of the physical spectrum. The first is the composite vector defined as 'b 3 ' which is given by
This combination of basis vectors corresponds to the third twisted plane of the Z 2 ×Z 2 orbifold, where the first two are related to b 1 and b 2 , respectively. The second is given by the linear combination denoted by 'x', given by
This linear combination produces the spinorial 128 multiplet in the 248 adjoint representation of the observable E 8 , generated by the subset {1, S, x, z 1 + z 2 } of the basis set (3) . It generates the so-called x-map [25] that exchanges spinorial and vectorial representations from the twisted sectors B j , to be defined below, and B j + x, respectively. We remark that this linear combination is not generated in the LRS models of ref. [14] and therefore the models presented there do not admit the xmap. This is an important distinction between the models considered here and those of ref. [14] . We note that the x-map is crucial in our classification method as the sectors B j + x are those that give rise to the Standard Model electroweak doublets. Therefore, the basis of the models considered consists of the basis vectors {1, S, e 1 , e 2 , e 3 , e 4 , e 5 , e 6 , b 1 , b 2 , z 1 , z 2 , α} with two notable linear combinations {b 3 , x}.
GGSO Projections
Now that the basis has been specified, the next components of the model which need defining are the GGSO projection coefficients C v i v j which are necessary in order to completely describe the one-loop partition function.
The GGSO coefficients span a 13 × 13 matrix. The lower triangle of the matrix containing 78 coefficients is fixed by the corresponding 78 coefficients in the upper triangle by modular invaraince constraints. In addition, the phases on the diagonal are also fixed by modular invariance. Accordingly,
To ensure N = 1 supersymmetry, without loss of generality, the following coefficients are fixed
where i = 1, . . . , 6 and k = 1, 2. We are therefore left with 66 independent coefficients, which generates 2 66 ≈ 7.38 × 10 19 distinct string vacua. It should be noted that all the phases are real and take the discrete values ±1 except for the phase C 1 α which takes values ±i due to the fact that 1 · α = −7.
String Spectrum
Adapting the methodology of previous cases [7, 16, 20, 22] , the sectors which can contribute massless states are enumerated and the corresponding algebraic conditions for the GGSO projections are derived for each sector.
Spacetime vector bosons that arise from the the untwisted sector, generate the SO(10) symmetry and its unbroken subgroups. There are further sectors in these models that can give rise to additional physical spacetime vector bosons, which enhance the untwisted gauge symmetry. Furthermore, if the additional spacetime vector bosons are charged with respect to the Cartan generators of the SO(10) GUT symmetry, the unbroken SO(10) subgroup is enhanced. Thus, a pivotal requirement in the construction is that the additional spacetime vector bosons are projected out.
The twisted sectors produce matter multiplets which possess N = 1 supersymmetry and can be grouped depending on which SO(10) subgroup they leave unbroken. Sectors which contain the α basis vector in the linear combination break the SO (10) symmetry to the LRS and gives rise to exotic states. If the linear combination contains 2α then the SO(10) gauge group is broken to the Pati-Salam SO(6) × SO (4) gauge group and also contains exotics. As α is the only SO(10) breaking basis vector, all the remaining sectors which, a priori, do not include α in the linear combination do not break the SO(10) symmetry.
The sectors in a model can be catergorised according to the left and right moving vacuum. The physical states satisfy the Virasoro condition, defined as
where N L and N R are the sums over the left and right moving oscillators respectively. Sectors that have the products ξ L · ξ L = 0 and ξ R · ξ R = 0, 4, 6, 8 can produce spacetime vector bosons, which determine the gauge symmetry in a given vacuum. Sectors where the products are ξ L · ξ L = 4 and ξ R · ξ R = 4, 6, 8 produce matter states which are outlined in section 4. All the models considered preserve N = 1 spacetime supersymmetry, which is generated by the basis vector S where the products are (S L · S L ; S R · S R ) = (4; 0).
The Gauge Symmetry
Vector bosons from the untwisted sector correspond to generators of the following observable and hidden gauge group symmetries
and the weak hypercharge is given by †
Depending on the choice of GGSO projection coefficients, additional space-time vector bosons may arise from the following 26 sectors
where x is defined in equation (6) . The sectors in (13) have been organised such that the sectors which do not break the SO(10) symmetry are on row 1; rows 2-3 break the SO(10) symmetry to the Pati-Salam SO (6)×SO (4) gauge group and finally rows 4-7 break the SO(10) symmetry to the LRS SU (3
We remark that any projections on sectors containing 3α can be inferred from the projections made on the corresponding sector which contains only α. Therefore, in the following analysis these sectors will not be discussed in detail.
If any of the gauge bosons from the sectors in eq. (13) survive the projections, the untwisted gauge symmetry is enhanced. We restrict the classification analysis to vacua with no enhancements, meaning that the gauge symmetry of all the vacua classified is identical. In the classification method the GGSO projection coefficients of the 26 sectors listed above were derived and expressed in an analytic form so that a computer code can easily detect if a particular vacua is enhanced. Of the vacua that were scanned in the classification, approximately 29.1% contained extra vector bosons and were therefore enhanced.
The Twisted Matter Spectrum

General Remarks
In the table below, the hypercharge and electromagnetic charge have been normalised according to the equations
In these equations, the U(1) charges Q 1,...,5 are the U(1) charges generated by the fermions ψ 1,...,5 respectively and are calculated according to the equation
where α(f ) is the boundary condition of the fermion in the sector and F (f ) is the fermion number given by
for fermionic oscillators and their complex conjugates, and
for the degenerate Ramond vacua where |+ R = |0 is a degenerated vacuum with no oscillator and |− R = f † 0 |0 is the degenerated vacua with one zero mode oscillator. The table below outlines the electromagnetic charges, and the charges under the electroweak SU(2) × U(1) Cartan generators, of the states which are contained in the observable LRS chiral matter representations:
where the representation is decomposed as SU (3) 
The notation '+' above denotes a state of the degenerated Ramond vacua with no oscillator, i.e a state with a fermion number F = 0, whereas the notation '−' denotes a state of the degenerated Ramond vacua with a zero mode oscillator and therefore a state where F = −1. The values for Y and Q em are calculated using equations (14a) and (14b) respectively.
It is when these representations are decomposed under the SM gauge group (1) Y that we get the particle states of the Standard Model. The leptons and quarks are realised by the following representations
where h u and h d are the low energy supersymmetric superfields associated with the Minimally Supersymmetric Standard Model (MSSM).
The Observable Matter Sectors
The chiral matter spectrum is obtained from the twisted sectors, which are as follows
where p, q, r, s = 0, 1 and
These 48 sectors contain the 16 and 16 spinorial representations of the SO(10) observable gauge group decomposed under
We remark that in this construction, each of the sectors B
pqrs with i = 1, 2, 3, can contribute at most a single multiplet to the physical spectrum. The integers {pqrs} essentially label the sixteen fixed points of the i th twisted plane. For this reason we can interchange the identification of the {pqrs}-sectors with states in the physical spectrum, i.e. the spectrum of states that survive the GGSO projections. The power of the formalism is that all the states producing sectors can be expressed in a similar fashion.
In addition to the twisted matter spectrum, there are vector-like states which contribute to the observable matter spectrum. These states arise from the sectors
pqrs = S + b 3 + pe 1 + qe 2 + re 3 + se 4 + x which have four periodic right-moving complex fermions. Massless states can be obtained by acting on the vacuum with a Neveu-Schwarz right-moving fermionic oscillator. If the oscillator is from either the fermions ψ 1,...,5 or their complex conjugates ψ * 1,...,5 then these sectors give rise to the vectorial 10 representation of SO (10) decomposed under SU(3)
where the first and second representations are generated by the fermions {ψ 1,2,3 } and {ψ * 1,2,3 } respectively and the final representation is generated by the fermions {ψ 4,5 } and {ψ * 4,5 }. It can be seen that the first two representations are colour triplets, usually referred to as leptoquarks in the literature, which mediate proton decay via dimension five operators. Therefore, these states must be either sufficiently heavy so as to agree with the current proton lifetime of ≥ 10 33 years [26] or must be projected out of the string spectrum by the GGSO projections. This is a constraint which is considered when the classification is performed. The representation (1, 0, 2, 2) give rise to the light Standard Model Higgs.
The remaining right-moving complex fermions can give rise to states which are singlets under the observable gauge group but form the following representations
• {η i } |R (4, 5, 6 ) pqrs or {η * i } |R (4, 5, 6 ) pqrs , i = 1, 2, 3, where |R (4, 5, 6 ) pqrs is the degenerated Ramond vacuum of the sectors B (4, 5, 6 ) pqrs respectively. These states transform as vector-like representations of the U(1) i 's.
• {φ 1,...,4 } |R (4, 5, 6 ) pqrs or {φ * 1,...,4 } |R (4, 5, 6) pqrs . These states transform as vector-like representations of the SU(4) × U(1) 4 gauge group.
• {φ 5, 6 } |R (4, 5, 6 ) pqrs or {φ * 5,6 } |R (4, 5, 6) pqrs . These states transform as vector-like representations of the SU(2) 5 × U(1) 5 gauge group.
• {φ 7, 8 } |R (4, 5, 6 ) pqrs or {φ * 7,8 } |R (4, 5, 6) pqrs . These states transform as vector-like representations of the U(1) 7 and U(1) 8 gauge groups respectively.
Chirality Operators
In order to calculate the number of families of a model, the number of chiral 16 and 16 representations of SO(10) decomposed under the LRS gauge group have to be counted. In these models families and anti-families are formed from the following representation
A model must then have three families in order to be phenomenologically viable i.e
The number of these representations that occur in a model depends on the choice of the GGSO coefficients. Firstly, in order to distinguish between the 16 and 16 an SO(10) chirality operator is defined. These chirality operators for the sectors B 
and can take the values X
(1,2,3)SO(10) pqrs = ±1. Another chirality operator needs defining to determine whether the representations ((1, 2) or (2, 1)) of the SU(2) L × SU(2) R occur. These are defined for the sectors B (1, 2, 3) pqrs respectively as
where x is the linear combination
Furthermore, there is one final chirality operator which needs to be defined in order to determine the repesentations under the SU(3) C ×U(1) C gauge group. These are
By performing the GSO projections of these chirality operators the surviving states and therefore the number of families are calculated.
Projectors
The projectors are a set of equations which determine whether a sector is either projected out or kept in the string spectrum. These projectors consist of the relevant GGSO coefficients for the sector. For the observable chiral matter there are 48 projectors which are calculated to be
(1) pqrs
The analysis of the physical spectrum is formulated as algebraic equations. The projectors can be expressed as a system of linear equations where p, q, r, s take unknown values. The sectors which survive the GSO projections are found by solving the systems of equations for p, q, r, s. Using this formalism allows for a computer analysis of the models as the systems of linear equations are are easy to express in a computer code.
The following notation is used in the algebraic representation of the GGSO projections
when the GGSO coefficients are expressed in this way the analytic expressions for the projectors P 
respectively. Such algebraic matrix equations can be written for the entire physical spectrum. In the ensuing discussion we list all the sectors that can a priori produce physical states, but do not list explicitly all the algebraic matrix equations for the corresponding GGSO projections.
Exotic Sectors
Additional sectors exist in the string models that can give rise to states that carry fractional charges under the LRS gauge group. This leads to states with a fractional electric charge at the level of the Standard Model. The term 'exotic states' used here is reserved purely for the states with fractional electric charge which arise from the sectors containing the basis vector α. Exotic states arise from these sectors due to Wilson line breaking of the non-Abelian GUT symmetries. These exotics states are a generic feature of string compactifications [27, 28, 29] and experimental searches are being conducted in order to find them [30] . There are interesting phenomenological aspects to exotic states as charge conservation implies that the lightest of these states is necessarily stable. To date however, no such exotic states have been observed, leading to strong upper bounds on their abundance [30] . In addition, if these states are too plentiful in the early universe they can cause problems during the reheating phase as the lightest of these states is necessarily stable, meaning they continue to scatter and cannot decouple from the plasma in the early Universe due to their charge. There are two solutions to the lack of experimental data for the existence of exotics. The first solution is by demanding that the exotics are confined to integrally charged states [11] . The second is to demand that the exotic states are sufficiently heavy and diluted in the cosmological evolution of the universe [29] . However, there are issues with the integrally charged state solution as these states affect the renormalisation group running of the weak-hypercharge and gauge group unification. This leads to the preferred solution of demanding that the exotic states are sufficiently massive and dilute. A sufficient mass for these states is above the GUT scale so that they are diluted during the inflationary period of the universe as during the reheating phase they will not be reproduced.
Previous classifications of heterotic-string models found examples of vacua in which massless exotics states were absent and only appeared in the massive spectrum. These models were dubbed 'exophobic heterotic string vacua'. In the case of the Pati-Salam models, three generation exophobic vacua were found [7] and in the FSU5 case exophobic vacua were found in models with an even number of generations [20] . A question of interest for the current research is therefore whether any exophobic LRS models can be found.
Spinorial Exotics
The term spinorial exotics refers to sectors which involve the basis vector α and have the products ξ L · ξ L = 4 and ξ R · ξ R = 8, therefore requiring no oscillators to produce massless states.
The sectors below all give rise to states with the representations (1, − 3 4
, 1, 2) and (1, − 3 4 , 2, 1) under the SU(3) C × U(1) C × SU(2) L × SU(2) R observable gauge group. These states are defined in the analysis as n L L e and n L R e respectively. It can be seen that these are singlets under the SU(3) C gauge group but are still charged under U(1) C . The corresponding sectors with 3α in the linear combination of basis vectors give states with the representations (1, + 3 4 , 1, 2) and (1, + 3 4 , 2, 1). It can be seen that the only change is the sign reversal of the charge under U(1) C . The following are the sectors which give rise to these representations
pqrs = B
(1) 
Vectorial Exotics
The following are vectorial states, meaning they have the products ξ L · ξ L = 4 and ξ R · ξ R = 6, therefore requiring one 1 4 oscillator to produce massless states. Firstly, there are the sectors 
• {η * 1 } |R
pqrs . These states transform as vector-like representations of U(1) 1 .
• {η 2,3 } |R
pqrs . These states transform as vector-like representations of U(1) 2 and U(1) 3 respectively.
• {φ * 1,...,4 } |R
pqrs . These states transform as vector-like representations of the hidden SU(4) × U(1) 4 .
• {φ * 5,6 } |R 
The states found from these sectors only differ from B (47, 48, 49 ) pqrs by a negative sign on the 1 2 boundary conditions of the fermions φ 1, 2, 3, 4 . This has the effect of changing the sign of the U(1) 4 charges while leaving the other charges unaffected. The structure and charges generated by the other worldsheet fermions therefore remain identical. Similarly, in the sectors
,φ 5,6 = − 
Pati-Salam Exotics
In the case of left-right symmetric models, there can be states which are exotic with respect to the Pati-Salam gauge group SO(6) × SO(4). The sectors from which these states can arise are those which contain the vector combination 2α. This is due to the fermions ψ 1,2,3 or ψ 4,5 having periodic boundary conditions in the sector (therefore generating the Pati-Salam gauge subgroup), while still having a fractional electric charge with respect to the Standard Model. In the model being discussed, all of the Pati-Salam exotics are found in the following sectors: 
These states transform in representations of the gauge group SU (2) 
These states transform as representations of the gauge group SU (2) 
The states from the previous 96 sectors are defined in the analysis as
These states transform as representations of the gauge group SU(3) 
These states transform as representations of the gauge group SU(3)
The states from the previous 96 sectors are defined in the analysis as n 3v and n 3v .
Hidden Matter Spectrum
The hidden matter spectrum refers to sectors which produce states that transform under the hidden gauge group but are singlets under the observable SO (10) GUT gauge group. This means that the states produced are not exotic with respect to the Standard Model gauge charges. There are 48 sectors present from B (1, 2, 3) pqrs + z 1 + x which are B (19) pqrs = B
These sectors contain states which transform under the hidden SU(4) × U(1) 4 gauge group with the representations (1, +2), (1, −2) , (4, +1), (4, −1), (6, 0) . There exists another 48 sectors B (1, 2, 3) pqrs + z 2 + x given by 
These sectors produce states which transform under the SU (2) 
) where the charges of U(1) 7 and U(1) 8 can take all possible permutations of the values given, meaning there are 12 distinct representations in total.
Classification Results and Analysis
The classification process involves utilising the calculated algebraic conditions which were presented in the previous sections. By using the projectors and chirality operators for each sector the entire massless spectrum can be analysed for a specific choice of the one-loop GGSO projection coefficients. These algebraic conditions can be written in a computer program which enables a scan over the different choices of GGSO projection coefficients. As the total number of possible configurations, and therefore vacua, is 2 66 ≈ 7.38 × 10 19 a complete scan of the entire space of string vacua is not possible. Therefore, a random generation of the GGSO projection coefficients is used in order to provide a random sample of vacua ‡ from which models with desirable phenomenological criteria can be found. ‡ We note here that analysis of large sets of string vacua have been performed by other research groups [31] Spinorial SO (10) Vectorial SO (10) LRS (10). The second contains the states from the 10 representation of SO (10). The third and fourth list the states which are exotic with respect to the Left-Right Symmetric and Pati-Salam gauge groups respectively.
The algebraic conditions were programmed into a JAVA code in order to perform the classification and the accuracy of this program was checked against an independently written FORTRAN code. In the JAVA program, a random generator was used in order to provide the different GGSO configurations. This program initially produces a random GGSO configuration, before running these values through the algebraic conditions calculated for each sector in order to produce the full spectrum of each model. By repeating this process, the statistics associated with classification can be developed while also fishing for single models which are of phenomenological significance.
Previous papers which have utilised this technique can be seen in references [7, 16, 20, 22] . In the case of the classification of Pati-Salam models, this method was shown to produce three-generation models which contained no exotic massless states with fractional electric charge, and were therefore exophobic.
Therefore, an example of a question of phenomenological interest is whether exophobic LRS models can be found.
The observable sector of a heterotic-string Left-Right Symmetric model is characterised by 27 integers which are defined in table 1. These contain the relevent quantities of phenomenological interest. Notable numbers defined in table 1 are n g , n h and n H as these give the number of generations of a model and whether the model contains non-chiral light and heavy Higgs representations.
The numbers given in the first two columns of table 1 are as described above in section (4.2) . The first four numbers form a complete 16 of SO (10) and the last four form a complete 16. The first four in the LRS Exotics column arise from the spinorial exotic sectors and the last two arise from the vectorial exotic sectors. To perform the classification, the analytic formulae for all the sectors which contribute to these numbers were derived so as to describe the complete spectrum of each model. For a model to be phenomenologically viable, it must satisfy the following phenomenological criteria:
Three light chiral generations n H ≥ 1 At least one heavy Higgs pair to break the SU(2) R symmetry n h ≥ 1 At least one light Higgs bi-doublet n 3 = n 3
Heavy mass can be generated for the colour triplets n 3e = n 3e
Heavy mass can be generated for the colour triplets n 1e = n 1e
Heavy mass can be generated for vector-like exotics n 3v = n 3v Heavy mass can be generated for the colour triplets n 1v = n 1v Heavy mass can be generated for the vector-like exotics n L L s = n L L s Heavy mass can be generated for vector-like exotics n L R s = n L R s Heavy mass can be generated for vector-like exotics where the contraints which generate the heavy masses have been imposed in order to generate LRS models which contain no chiral exotics.
An initial classification run of 10 9 distinct models was performed and the results are displayed in section 5.2. Due to a relative lack in abundance of three generation models a second run of 10 11 distinct models was performed with the constraints on the vector-like chiral exotic states relaxed. Namely, the condition that n 1e = n 1e which arise from the Pati-Salam exotic sectors were relaxed, along with the conditions
and n 1v = n 1v which arise from the LRS exotic sectors. We remark that whereas a 10 9 run typically takes 2 days, a corresponding 10 11 run can take 28 weeks, which becomes prohibitive. The results of these two runs is presented and commented on in section 5.2.
Top Quark Mass Coupling
For a model to be phenomenologically viable, it must reproduce the spectrum of the Standard Model while also reproducing the Standard Model interactions at the low energy limit. Therefore, our analysis extends to classifying the number of models which give the necessary conditions to include the top quark mass. In this class of models the top quark mass coupling is
where the superscripts F and B refer to the fermionic and bosonic components of the associated superfield respectively. It has been shown that the necessary conditions in order to have a top quark mass coupling can be imposed by a straightforward general analytical method [32] . This general method details, without loss of generality, that if Q, u c and h u arise from the sectors B
(1)
pqrs and B (6) pqrs = B
pqrs + x respectively, there exists a top quark mass coupling.
Results
We now explore the space of the Left-Right Symmetric free fermionic heterotic string vacua. The sample size used in the first classification was 10 9 vacua out of a possible total of 2 66 . Some of the results are presented in Figures 1 -3 and table 2. In Figure 1 the number of generations is presented against the natural logarithm of the number of models found. The results show the greatest number of models have zero generations and the number of models decreases as the number of generations increases. The maximum number of generations found was n g = 5. Figure 2 shows that only exophobic models with zero generations were found. Figure 3 displays the number of three generation models with no chiral exotic multiplets found with respect to the total number of exotic multiplets they contain. The results show minimally exotic models to have 22 exotic multiplets while maximally exotic models have 90 exotic multiplets. The greatest number of models contained 50 exotic multiplets and the results show an approximately normal distribuition, skewed slightly to models containing more than 50 multiplets. It can be seen in table 2 that ≈ 62.2% of the non-enhanced models with complete families had no chiral exotics. The inclusion of the constraint demanding that the model must have three generations then drastically drops the probability of finding a viable model. The probability of finding a model which satisfies all these criteria is 1.49 × 10 −6 . Of these models, the probabilities that they contain no Higgs particles, only SM light Higgs particles or only heavy Higgs particles are 5.42 × 10 −7 , 9.39 × 10 −7 and 7.00 × 10 −9 respectively. Table 2 shows that requiring the model to contain both a light SM Higgs and a heavy Higgs yielded one model. Although this suggests models with interesting phenomenology exist, this result is not statistically significant and therefore does not allow meaningful conclusions to be drawn. This result also does not allow for any analysis involving further constraints.
Due to the lack of models with suitable phenomenology found during the 10 9 sample, the sample size was increased to 10 11 and some of the constraints were relaxed. Specifically, the constraints concerning the chiral exotic triplets in the models were included (i.e n 3 = n 3 and n 3v = n 3v ), whereas the contraints concerning the vectorlike chiral color-singlet exotics were omitted. We note that relaxing these constraints entails that in some of the scanned models U (1) presented in In Figure 4 the number of models versus the number of full generations is displayed for the 10 11 model run. The greatest number of models can be seen to have zero generations and the number of models decreases as the number of generations increases. This result is in accordance with the 10 9 run and the previous results of classifications [7, 20, 22] . It can be seen that once the number of generations is greater than six, there is an absence of models. This result indicates that for this choice of basis vectors, models with n g ≥ 7 are either completely forbidden or are extremely unlikely in the total space of model possibilities. Figure 5 displays the number of exophobic models versus the number of generations. Analogously to the 10 9 classification run, the results show a relative abundance of zero generation exophobic models but an absence of any exophobic models with n g ≥ 1. This result leads to the conclusion that there are no three generation exophobic models with a statistical frequency larger than 1 : 10 11 . It should however be noted that the lack of exophobic models with n g ≥ 1 does not suggest that exophobic Left-Right Symmetric models are completely forbidden, only that for the choice of basis vectors used in this analysis none were found with a reasonable statistical likelihood.
This result is in contrast to the case of the results of both the Pati-Salam and Flipped SU (5) classifications [7, 20] . In the Pati-Salam case, exophobic models with n g = 0, . . . , 6 were found and where n g ≥ 7 exophobic models with an even number of generations were found with a notable absence for n g = 14. In the flipped SU (5) case, exophobic models with an even number of generations were found. While this means no three generation exophobic models were found, the flipped SU(5) case admits many more exophobic models than the current LRS case.
In Figure 6 the total number of three generation models with matched number of colour triplets is displayed against the number of exotic fractionally charged multiplets in a given three generation model. It can be seen that the minimal number of exotic multiplets was again found to be 22, while the maximally exotic models contained 98, an increase from the previous run. The results again show a roughly normal distribution with a central peak at 50 exotic multiplets with a slight skew toward models where the number of exotic multiplets greater than 50. This result is similar to what was found in the classification of Pati-Salam models [7] , but in the case of the LRS the average number of exotic multiplets is much higher. In the Pati-Salam case, there was a central peak at 18 exotic multiplets with maximally exotic models having 54 multiplets. This result is, in general, to be expected as in the LRS models both Pati-Salam and LRS exotic sectors exist, therefore there is the potential for many more exotic states to enter the spectrum. Table 3 shows the number of non-enhanced three generation models which have matched numbers of colour triplets with respect to the number of Pati-Salam, spinorial and vectorial exotic multiplets. It can be seen that of the total number of models, there were models found which contained no spinorial exotic multiplets. This is also true in the case of vectorial exotic multiplets. However, no models were found which were exophobic with respect to the Pati-Salam exotic multipets, which is a leading reason for the lack of exophobic three generation models. This result is in contrast to the results of the classification performed in [7] as three generation exophobic Pati-Salam models were found.
Of the total models sampled, ≈ 61.1% of the non-enhanced full generation models were found to have matched numbers of colour triplets. This is a slight increase from the 10 9 classification run due to the relaxing of some of the conditions as mentioned previously. This can be seen in table 4. It should be noted that the probability of finding non-enhanced three generation models is actually lower in the 10 11 classification run than in the 10 9 case. This is expected to be a statistical fluctuation due to the random nature of the classification method. Further analysis on the effect of relaxing the requirement that all color-singlet exotics are vector-like in three generation models may be an interesting area of research. However, this is beyond the scope of this analysis and is left for future work.
If the constraint of having a top quark mass coupling is included, then of the total number of non-enhanced full generation models only ≈ 0.015% were found to be viable. While three generation models with a top quark mass coupling were found, it can be seen from table 4 that their appearance was not found to be frequent, as the probability for finding such a model was found to be 4.0 × 10 −11 . Of all the non-enhanced models with complete generations, ≈ 46.0% contained at least one light Higgs. This is much higher than for the case of the heavy Higgs, where only ≈ 14.0% of the total non-enhanced, generation complete models contained at least one heavy Higgs. When considering non-enhanced three generation models in which all exotic colour triplet are vector-like, the number which had at least one Standard Model Higgs is approximately 57.5% and the number which had at least one heavy Higgs is approximately 0.57%. Only 0.03% of the non-enhanced three generation models with vector-like exotics contain both light and heavy Higgs multiplets. Comparing with previous classifications, we note that in the three generation Pati-Salam models classified in [7] , 7.9% had a heavy Higgs and 81.0% of these had a SM Higgs. Whereas, in the flipped SU(5) case [20] , the non-enhanced and anomaly free three generation models had ≈ 95.7% which contained a SM Higgs and ≈ 6.3% contained a heavy Higgs. In comparison, it can be seen that the number of three generation free fermionic LRS models, free of U(1) C anomalies and enhancements, which contain either Higgs is drastically lower. This outcome should nevertheless be compared with the case of the SU421 models in which no viable models can be constructed at all!
A Model of Notable Phenomenology
The random classification method can be used to trawl models with specified phenomenological properties. Using the notation convention
the model defined by the GGSO projection coefficients in eq. (42) provides an example of a non-enhanced three generation model, with potentially viable phenomenology. 
The observable matter sectors of this model produce three chiral generations, a minimal SM Higgs (n h = 1) and a minimal heavy Higgs (n H = 1). There exists colour triplets from the vectorial 10 representation of SO(10) as n 3 = 1 and n 3 = 1, but as Figure 1 : Natural logarithm of the number of models against the number of generations (n g ) in a random sample of 10 9 GGSO configurations.
there are equal numbers of them heavy mass can be generated and there exists no anomaly in the LRS gauge group from these sectors. This model also contains no enhancements. The numbers defined in table 1 for the spinorial LRS exotic sectors of this model are as follows:
The vectorial LRS exotics have the values n 3v = n 3v = 1 and n 1v = n 1v = 5. The Pati-Salam exotic states have the values n L L e = 4, n L R e = 10 and n 3e = n 3e = n 1e = n 1e = 0. The model therefore has no anomaly under the LRS gauge group, i.e. all the exotic states are in vector-like representations, but does contain an anomaly under the U(1) 2 and U(1) 3 gauge groups. The model contains exotic multiplets and is therefore not exophobic. The model also admits a top quark mass coupling of order one.
Figure 2:
Number of exophobic models against the number of generations in a random sample of 10 9 GGSO configurations. This figure should be contrasted with the corresponding figures in refs. [7] and [20] . Figure 3 : The number of three generation models with no chiral exotic multiplets against the number of exotic multiplets in a random sample of 10 9 GGSO configurations. Figure 4 : Natural logarithm of the number of models against the number of generations (n g ) in a random sample of 10 11 GGSO configurations. Figure 5 : Number of exophobic models against the number of generations in a random sample of 10 11 GGSO configurations. This figure should be contrasted with the corresponding figures in refs. [7] and [20] . Figure 6 : The number of three generation models with no chiral exotic triplets against the number of exotic multiplets in a random sample of 10 11 GGSO configurations.
# Exotic
Conclusion
The Standard Model of particle physics provides viable parameterisation of all subatomic observable data. Furthermore, the Standard Model may prevail in providing such effective viable parameterisation up to the GUT or Planck scales, where this necessarily breaks down due to quantum gravity effects. If this is the avenue chosen by nature, it is evident that further fundamental insight into the Standard Model parameters can only be gained by embedding it in a theory of quantum gravity. The synthesis of gravity and quantum mechanics is not yet an accomplished feat. There are various approaches and from a purely theoretical perspective all should be regarded on equal footing. String theory is among these approaches. String theory, however, has one key advantage. Its consistency conditions mandate the existence of the gauge and matter structures that appear in the Standard Model. Furthermore, these consistency conditions restrict the type and enumeration of states that can appear in the construction. String theory therefore provides the arena for the development of a phenomenological approach to the synthesis of gravity and the gauge interactions. Since the mid-eighties detailed quasi-realistic string models were constructed. A particular class of phenomenological string vacua are the Z 2 × Z 2 orbifold compactifications that were constructed in the free fermionic formulation of the heterotic string. In this paper we extended the classification of phenomenological free fermionic heterotic string vacua to models in which the SO(10)-GUT group is broken to the Left-Right Symmetric (LRS), SU(3) C × U(1) B−L × SU(2) L × SU(2) R , subgroup. NAHE-based [33] LRS free fermionic models that utilise asymmetric boundary conditions were constructed in ref. [14] . The free fermionic classification method adopted herein utilise solely symmetric boundary conditions. The class of LRS vacua gives rise to several distinct features as compared to the FSU5, PS and SLM classes. In all the cases we may denote a basis vector that breaks the SO(10) symmetry by α. The difference between the FSU5, PS and SLM models versus the LRS and the SU421 models is that in the first case the vector 2α does not break the SO(10) symmetry, whereas in the second case it does. This distinction impacts the phenomenolgical characteristics of the two classes. In the case of the SU421 models the consequence is that it is not possible at all to construct SU421 free fermionic models with complete matter generations [15, 16] . Thus, a class of models that has attractive phenomenological features from a purely GUT-QFT perspective [34] , cannot be constructed as an heterotic-string model, at least in the free fermionic formulation. By contrast, viable LRS free fermionic models can be constructed and in some abundance, as demonstrated in this paper. The key difference between the LRS and SU421 models is that in the later case the 2α projection chooses either the left-or right-handed Standard Model representations, whereas in the former it does not. In the case of the LRS models there is a remaining freedom in the charges of the U(1) j symmetries, j = 1, 2, 3, that produces opposite charges of the left-and right-handed Standard Model representations. This is in marked contrast with the corresponding charges in the PS, FSU5 and SLM models, in which they are necessarily the same. It would be of interest to explore how, and whether, these different cases are replicated in terms of bundles on complex manifolds. The class of LRS free fermionic models that we explored herein differs from those of ref. [14] . The difference being that while the construction in ref. [14] does not admit an x-map [25] , the free fermionic classification methodology utilises this map. In this classification method the x-map is used to generate the sectors that produce the Standard Model electroweak Higgs multiplets. The fact these LRS models do contain the x-map, as well as the fact that the vector 2α breaks the SO(10) symmetry, results in the relative scarcity of viable models in this class, compared to the FSU5, PS and SLM cases. Additionally, it results in the proliferation of exotic states in the LRS models as compared to the other cases. A common feature of the LRS and SLM models is that both cases contain two SO(10) breaking basis vectors, whereas the FSU5 and PS models contain a single one. This results in the relative suppression in the LRS and SLM cases of vacua with complete three families, as compared to the FSU5 and PS cases. In ref. [22] , for that reason, the classification method was adapted to generate randomly fertile SO(10) cores, around which complete SLM classification was performed. This was achieved by identifying specific patterns in the 14 × 14 matrix of GGSO phases. Thus, we note that the utility of the random generation method may have reached its limit, and novel computer methods may be Table 4 : Statistics for the LRS models with respect to phenomenological constraints for 10 11 models.
of benefit. Such tools may be particularly useful in analysis of non-supersymmetric string vacua [35] and trying to uncover novel symmetries that underlie the space of phenomenological string compactifications [36] .
